Abstract: Vaterite with different morphologies, a thermodynamically unstable polymorph of calcium carbonate, was successfully synthesized by a simple injection-precipitation method. The phase composition and morphology of the products were characterized by the XRD, FT-IR, SEM, and TEM techniques. Experiments were performed at 37 and 25 C using pH values of 1.5, 3.0, and 6.9. At 37 C, precipitated vaterite has spindle-like morphology at the low pH 1.5 of the initial CaCl 2 solution, and shows coexistence of the spindle-, spheroid-, and cauliflower-like morphologies at the intermediate pH 3.0, whereas it is spheroidal at pH 6.9. SAED analyses revealed that the spindle-like vaterite superstructures were self-assembled by the oriented aggregation of vaterite microcrystals along the crystallographic c direction. At 25 C, however, the low pH (1.5) led to coexistence of cauliflower-and spheroidshaped vaterite, whereas spherulite-like vaterite was always obtained at either pH 3.0 or 6.9. We show that simple inorganic precipitation processes lead to complex and unusual morphologies with hierarchical structure. Therefore, care must be taken when morphological criteria are claimed as proof for biogenic origin of minerals. Moreover, time studies of the polymorphic transition revealed that, although solution-mediated dissolution of precursor vaterite and reprecipitation of secondary calcite always occur, Ostwald ripening finally contributes to the formation of rhombohedral calcite. Therefore, the polymorphic transition sequentially proceeds from vaterite through irregular calcite aggregates to stable calcite rhombohedra.
Introduction
Calcium carbonate is one of the most ubiquitous minerals in nature and is also widely found as biominerals. Crystallization and precipitation of calcium carbonate minerals has been the topic of intensive investigation owing to its polymorphic and morphologic varieties in geological and biological systems, and to its important industrial applications in the areas of plastics, rubbers, papermaking, biomedical implant and drug delivery (e.g., Sims et al., 1995; Walsh & Mann, 1995; Jung et al., 2000; Qi & Ma, 2002; Schmahl et al., 2004; Han et al., 2005a and b; Griesshaber et al., 2009) . Moreover, the unwanted precipitation of calcium carbonate has been a problem in heat exchangers and it is one of the most important scale-forming minerals in oil and gas production (Andreassen, 2005) . Recently, calcium carbonate is also intensively studied with the aim of understanding how crystal polymorph and structural features can be controlled , 2005; Cölfen, 2007; Pai & Pillai, 2007) . Among the three anhydrous crystal polymorphs, rhombohedral calcite, orthorhombic aragonite and hexagonal vaterite, calcite is the most stable phase at room temperature under normal atmospheric conditions, aragonite is metastable polymorph, while vaterite is believed to be thermodynamically unstable at all external conditions. Therefore, aragonite and vaterite usually transform into the stable calcite phase (Zhou et al., 2004) .
The growth of the crystals is classically described via atom-by-atom addition to an existing nucleus, wellestablished Ostwald ripening process, which involves the growth of larger crystals at the expense of smaller crystals, or nanoparticle aggregation, which can be a random or oriented attachment mechanism (e.g., Penn & Banfield,
